Background-Genetic and environmental factors likely influence susceptibility to nonsyndromic cryptorchidism, a common disease presenting at birth or in later childhood. We compared cases and controls to define differential risk factors for congenital vs. acquired cryptorchidism.
Introduction
Cryptorchidism (undescended testis, UDT) is a common anomaly of newborn boys that may resolve spontaneously or present initially in later childhood, particularly in association with testicular retractility due to overactivity of the cremaster muscle. Longitudinal studies confirm that "acquired" cryptorchidism, or testes diagnosed as undescended after previous documentation of scrotal position at birth, is common (Villumsen and Zachau-Christiansen, 1966) , (Hack and others, 2003) . The etiology of acquired cryptorchidism remains unclear. A relative change in the position of incompletely descended testes with linear growth of the individual, physical ascent of testes and delayed referral are possible explanations for acquired cryptorchidism (Barthold and Gonzalez 2003) .
Despite multiple epidemiologic, genetic and anatomic studies, the etiology of human cryptorchidism remains poorly understood (Bay and others, 2011) . Mutations within coding regions of likely candidates such as the ligand-receptor pair insulin-like 3 (INSL3)-relaxin/ insulin-like family peptide receptor 2 (RXFP2) occur in only 2-3% of cases (Ferlin and others, 2008) although epidemiologic studies suggest moderate genetic risk (Jensen and others, 2010; Schnack and others, 2008) . Androgens appear to regulate testicular descent based on studies in experimental animals and in humans with mutations of the androgen receptor (Barthold and others, 2000; Foresta and others, 2008) . Conversely, estrogens inhibit testicular descent in experimental animals by reducing androgen and/or INSL3 production by the testis (Nef and others, 2000) and/or by directly inhibiting development or function of the gubernaculum, the target organ that facilitates testicular descent and contains both estrogen and androgen receptors (Staub and others, 2005) . Androgens and INSL3 contribute to postnatal development of the cremaster muscle (Kaftanovskaya and others, 2011) . Accordingly, ubiquitous environmental chemicals with androgen antagonist and/or estrogen agonist activity may increase risk of cryptorchidism (Main and others, 2010) . Unfortunately, the timing and degree of potential maternal exposures is difficult to validate and may not reflect fetal exposure. Similarly, previous studies of the perinatal risk factors for cryptorchidism are based on heterogeneous populations and methodology. In this ongoing study of the genetic basis of cryptorchidism, we have utilized strict inclusion criteria to identify nonsyndromic cases and to collect ancillary phenotypic and exposure data. The hypothesis we are testing is that maternal exposures and perinatal characteristics distinguish cryptorchid and non-cryptorchid boys, and that certain characteristics are unique to those presenting with cryptorchidism beyond the newborn period.
Methods
Clinical and phenotypic data were collected from families of boys recruited prospectively during 2004-2012 in IRB-approved studies of nonsyndromic cryptorchidism, with informed consent. Consecutive cases and controls meeting inclusion criteria are identified for recruitment from a single population using an electronic health record (EHR) database. All subjects are outpatients at a single hospital-based pediatric urology clinic with wellestablished patient referral patterns from a tri-state catchment area that includes primarily Delaware and to a lesser extent southern New Jersey, eastern Maryland and southeastern Pennsylvania. Cases are boys with cryptorchidism or inguinal hernia/hydrocele and controls are subjects referred to the same clinic for foreskin or voiding problems, mild antenatal urinary tract dilation or elective surgical circumcision. The hernia/hydrocele group is a comparably-aged case group with full testicular descent that overlaps the cryptorchid phenotype, as many cryptorchid boys also have an ipsilateral inguinal hernia.
To ensure accurate phenotypic classification, all participants are examined by an attending pediatric urologist co-investigator. Exclusion criteria include other genital anomalies such as hypospadias, chordee or other congenital penile anomaly and genetic or malformation syndromes. While retractile testis is usually a normal variant, a history of testis retractility, as documented by our own serial exam or those of referring pediatricians, is not uncommon in boys presenting at later ages and undergoing orchidopexy for cryptorchidism. Therefore, to minimize inclusion of boys at risk for acquired cryptorchidism, boys with retractile testes were excluded from the control and hernia/hydrocele groups. A standard EHR template used for new urology patients includes gestational age and weight at birth, timing of cryptorchidism diagnosis, testicular retractility and family history of cryptorchidism or inguinal hernia/hydrocele. Birth weights <2500 gm at ≥37 weeks' gestation or <10th percentile for gestational age <37 weeks, based on a revised Babson and Benda nomogram, were coded as small for gestational age (SGA) (Fenton, 2003) .
A preliminary analysis suggested differences in risk factors for cryptorchidism between boys diagnosed at birth and those in whom testes were reported as being descended during infancy but subsequently diagnosed as undescended. We are aware that parental history and/ or pediatrician documentation are not always reliable in determining the timing of initial cryptorchidism diagnosis. Therefore, to study "congenital" and "acquired" forms of cryptorchidism as accurately as possible, we adopted a conservative approach to minimize inclusion of boys in the acquired group in whom cryptorchidism was present at birth but referral was delayed. We analyzed the age distribution of our cryptorchid patients and identified a major peak prior to age 2 followed by a lower but sustained frequency during childhood (Figure 1 ). This distribution was similar to that reported previously (Hack and others, 2003) although our postnatal peak is earlier and the secondary peak less pronounced, possibly because many congenital cases are referred to us for evaluation prior to 6 months of age. Based on our data and the recommendations of other investigators (Bruijnen and others, 2008) we categorized patients as having congenital cryptorchidism if surgery was performed at ≤24 months of age and in older boys whose families or pediatricians reported a history of undescended testes at birth and in whom referral was delayed. Boys >24 months with no prior history of undescended testis were categorized as having acquired cryptorchidism.
Surgeon co-investigators document testicular position and presence or absence of a hernia sac, epididymal anomaly and/or testicular appendage at the time of orchidopexy. The highest testicular location is used in bilateral cases and defined as "proximal" for testes above the external inguinal ring (canalicular and abdominal) and "distal" for those below the external inguinal ring (superficial inguinal pouch, external ring, prescrotal and perineal). Participants diagnosed intra-operatively with absent testes are excluded.
Additional data were collected by a retrospective maternal questionnaire completed at the time of surgery/recruitment and included parental age at child's birth; family history of urogenital or inguinal disease; maternal fertility, pregnancy and birth history; infant feeding type and breastfeeding duration; maternal vegetarian or soy diet (regular use of tofu, soy milk or other soy products or supplements); and the occurrence/frequency per month and specific types of skin lotions, nail polish, perfume, perfumed soap, insecticides (defined as "chemicals that kill bugs"), herbicides ("chemicals that kill weeds"), pesticides ("chemicals that kill rodents"), paints or glazes, paint strippers or thinners, glues and adhesives, gas/ diesel fuel (direct skin contact), petroleum fumes/exhaust and greases/oils used by the participant's mother.
We summarized demographics and other study variables and analyzed their distribution in each of the 3 case groups (congenital and acquired cryptorchidism, and hernia/hydrocele) relative to the control group. Categorical data were summarized by frequencies and percentages. Numerical data were summarized using either mean and standard deviation or median and 1 st /3 rd quartiles. Two sample t-tests or Mann-Whitney U tests, whichever appropriate, were used to compare the mean/median of the control group with each of the case groups. Similarly, chi-square or Fisher exact tests were used to compare the distribution of categorical variables between the control and each of the case groups. A univariable logistic regression model was used to examine the potential association of study variables of each case group with the control group in this data set. Odds ratios with 95% confidence intervals were reported for this purpose. A stepwise backward method of multivariable logistic regression was used to select the variables that are significantly associated with each case group compared to the control group. Variables with low frequencies (≤5% of cases) and/or those with p-values >0.2 in univariable logistic regression models were excluded in the stepwise multivariable selection model. Probabilities for entry and removal in the stepwise analysis were set to 0.05 and 0.10, respectively. Adjusted odds ratios with 95% confidence intervals (CI) are reported for variables retained in each model. All tests were two-tailed with the level of significance <0.05. Analyses were performed based on the available data only. IBM® SPSS® version 19.0 was used for all statistical analyses.
Results
Of 1027 eligible families recruited, 874 (85%) completed questionnaires; including 79% of control (n=358), 72% of cryptorchid (n=230 congenital; n=182 acquired) and 86% of hernia/ hydrocele (n=104) subjects. The majority of boys in the control group (83%) underwent circumcision or circumcision revision. EHR and/or questionnaire data were missing for <5% of subjects for all variables except birth weight (13%). Following an interim data analysis showing no association of maternal diet and household exposures with cryptorchidism, these questions were omitted from a subset (14%) of questionnaires.
Descriptive characteristics of participants
There were no significant differences in birth weight, maternal age or paternal age at the time of birth between the control, cryptorchid and hernia/hydrocele groups (Table 1) . Likewise, there were no significant differences in the prevalence of prematurity although twin gestation was more common in the acquired group. The age of boys in the congenital (mean 2.0, median 1.2) and acquired (mean 7.9, median 8.0) cryptorchid groups differed significantly from the other groups and from each other, as expected. In addition, while Caucasian participants comprised the majority of all groups, the proportion of AfricanAmerican subjects was higher in the control as compared to the cryptorchidism and hernia/ hydrocele groups (p<0.05). These findings may reflect the referral patterns of the studied populations; potential confounding due to age and race were considered in our multivariable analyses. There were no significant differences in the proportion of boys classified as SGA in case groups as compared to controls.
Cryptorchidism was unilateral in 74% of cases and did not differ significantly between acquired and congenital groups. However, phenotypic severity was increased in boys classified as congenitally cryptorchid. Testes were more frequently in a proximal location (40 vs. 21%; OR 2.5; 95% CI 1.6, 3.9) and associated with a hernia (82 vs. 46%; OR 5.5; 95% CI 3.5, 8.6) or an epididymal anomaly (60 vs. 31%; OR 3.4; 95% CI 2.2, 5.1) in boys with congenital as compared to acquired cryptorchidism. Prior spontaneous postnatal testicular descent occurred in 25 (11%) of boys initially diagnosed at birth.
Infant feeding characteristics
We observed unique and significant alterations in infant feeding patterns in acquired cryptorchidism ( Table 2) . Mothers of boys in the acquired group reported reduced breastfeeding (both supplemented and exclusive) and more common use of soy formula compared to those in the control group, while feeding patterns did not differ between congenital or hernia/hydrocele cases and controls and were similar to those reported for the states served by our hospital (http://www.cdc.gov/breastfeeding/data/reportcard.htm). Final descent of the testis to a dependent scrotal position may occur in response to the pituitary and testicular hormone secretion that occurs in the first 3 months of life. Consequently, we defined infant feeding as primary breastfeeding (reference; ≥3 months with or without nonsoy or soy formula supplementation) and primary formula (non-soy or soy-based with <3 months of breastfeeding). Risk estimates increased for primary non-soy (OR 1.8, 95% CI 1.2, 2.7) and primary soy (OR 2.5; 95% CI 1.4, 4.3) formula use in acquired cryptorchidism (Table 2) .
Pregnancy, delivery and family history
In univariable analyses (Table 3) , prior maternal pregnancy loss (miscarriage or stillbirth) was positively associated with congenital cryptorchidism and hernia/hydrocele, and marginally associated with acquired cryptorchidism. Persistent nausea and/or vomiting in the index pregnancy was associated with congenital cryptorchidism only. Caesarian section delivery was less common in all case groups relative to controls. No notable associations between diabetes or vaginal bleeding during pregnancy and cryptorchidism, potential risk factors in previous studies, were observed.
A family history of cryptorchidism in first-degree or more distant (second-or third-degree) relatives was increased in cases of cryptorchidism but not hernia/hydrocele (Table 3) . Cryptorchidism occurred in fathers and/or brothers of 7% and 9% of boys with congenital and acquired boys, respectively. Testes were reportedly retractile in 9 additional relatives (5 brothers, 3 fathers and 1 maternal uncle) of cryptorchid boys. Thirteen families (15%) with familial cryptorchidism reported 2 or more affected members. Maternal, paternal and bilateral transmission was noted for 40%, 45% and 5% of affected second-(uncle, halfbrother or grandfather) or third-(cousin) degree relatives, respectively with similar distribution in the congenital and acquired groups, and was unknown in 10%. We failed to observe any significant phenotypic differences in cases with and without a reported positive family history. As the reported frequency of cryptorchidism in first-degree relatives is more reliable, we included this more stringent variable in our multivariable models.
Familial inguinal hernia was more commonly reported in hernia/hydrocele (12%), congenital (10%) and acquired (11%) cases than in controls (1%), suggesting the possibility that common genetic risk factors may exist for hernia and cryptorchidism. However, significant reporting bias may exist for this variable as we could not validate hernia site and/ or type in other family members. Moreover, as the frequency in first-degree relatives was ≤5% for all groups, these data were not included in our multivariable models. A family history of inguinal hernia did not predict occurrence of an associated inguinal hernia in cryptorchid boys (OR 0.8; 95% CI 0.4, 1.7, adjusted for testicular position and age). Only 2 families of boys with cryptorchidism (1%) reported hypospadias in first-degree relatives, possibly reflecting exclusion of boys with hypospadias from the study. Parents of 4 cryptorchid boys (1%) and 1 boy (1%) in the hernia/hydrocele group reported a family history of testicular cancer.
Multivariable models
When predictor variables (defined as those with p<0.2 in univariable analysis) were included in stepwise regression models of congenital (Table 4 ) and acquired (Table 5) cryptorchidism, variables remaining as potential risk factors for both groups include cryptorchidism in first-degree relatives and real or threatened pregnancy loss (prior miscarriage or stillbirth, or premature labor in the index pregnancy). However, because prematurity and SGA are strongly associated with cryptorchidism and these risks vary with race/ethnicity (Hauck and others, 2011; Lauria and others, 2012) , we performed restricted analyses of full term/non-SGA and Caucasian subjects in additional multivariable models. The only maternal variable consistently retained was nausea/vomiting during gestation in congenital cryptorchidism. In contrast, the strong associations between feeding choice and acquired cryptorchidism were maintained in all the restricted multivariable analyses, including an additional model in which controls ≤2 years of age were excluded to limit differential recall bias between groups (adjusted OR 2.1; 95% CI 1.0, 4.5 for primary soy and adjusted OR 1.9; 95% CI 1.1, 3.1 for primary non-soy feeding). The mean (7.8) and median (7.0) ages of this subset of controls were not significantly different from those of the acquired group (7.9 and 8.0, respectively).
Prior history of miscarriage or stillbirth was associated with hernia/hydrocele for the entire group (adjusted OR 1.8; 95% CI 1.1, 2.9) and for Caucasian participants (adjusted OR 1.8; 95% CI 1.0, 3.1), suggesting potentially overlapping reproductive risks for mothers of boys with cryptorchidism and inguinal hernia. Reduced frequency of Caesarian section was retained in the hernia/hydrocele model, possibly a chance finding related to the small sample size (data not shown).
Maternal exposures
We found no increased occurrence or frequency (reported use per month) of exposure to any household product in univariable analyses of cases, other than an association of insecticide exposure with hernia/hydrocele (Supplemental Table 1 ) that was not sustained in multivariable analysis. However, we did observe significantly reduced ORs for skin lotion and/or perfume in the cryptorchid groups and for a lotion*perfume interaction covariate in the acquired (OR 0.6; 0.4, 0.9) but not the congenital group. When included in the multivariable models in Table 5 , our main observations were unchanged or strengthened for lotion*perfume (adjusted ORs 0.4-0.5), family history of cryptorchidism in first-degree relatives (adjusted ORs 6.0-6.5) and primary soy feeding (adjusted ORs 4.0-4.9).
Discussion
Our data suggest that familial and some pregnancy variables are correlated with occurrence of both congenital and acquired cryptorchidism. In contrast, infant feeding choice was associated with the risk of cryptorchidism presenting after infancy but not at birth, nor in boys with hernia/hydrocele, an overlapping phenotype without cryptorchidism. Breastfeeding was less common in acquired cryptorchidism, by choice or necessity, and risk estimates are highest in boys fed soy formula with limited or no exposure to breast milk. Other investigators reported increased formula use (Jones and others, 1998) , reduced breastfeeding (Mori and others, 1992) or feeding difficulties (Davies and others, 1986) in cryptorchid boys, although specific feeding choices and outcomes were not well characterized. It is possible that common, undefined risk(s) predispose to both maternal lactational difficulties and acquired cryptorchidism; alternatively, infant feeding practices may influence postnatal testicular position in susceptible individuals whose testes have not descended completely to dependent scrotal position at birth.
Androgens or other reproductive hormones likely contribute to descent of testes, which may occur during neonatal (Acerini and others, 2009; Scorer, 1964) or pubertal (Hack and others, 2010) activation of the hypothalamic-pituitary-gonadal axis or in response to gonadotropin therapy (Ashley and others, 2010) and may correlate with serum testosterone levels (Gendrel and others, 1978) . Moreover, cremaster muscle activity and testicular retractility are greatest during periods of low circulating testicular hormone levels (between 6 months of age and puberty), and among boys who develop acquired cryptorchidism (Barthold and Gonzalez, 2003) . These data suggest a correlation between the early postnatal hormonal environment and subsequent testis position.
Breast milk from several species contains high levels of LHRH, and serum LH levels are significantly lower in female pups when suckling is temporarily prevented (Baram and others, 1977) , but the hormonal response of newborn males to breast milk has not been reported. In contrast, soy formula exposes infants to high levels of phytoestrogens with potential estrogenic and/or anti-androgenic activity (Cao and others, 2009; Chen and Rogan, 2004; Lund and others, 2004 ) during a critical period of hormone production and completion of testicular descent (Scorer, 1964) . Notably, effects of soy exposure in animal models include impaired Leydig cell function (Akingbemi and others, 2007) and decreased plasma testosterone levels during the postnatal hormone surge (Sharpe and others, 2002) . A causal role for soy formula exposure in the acquired presentation of cryptorchidism is biologically plausible but can only be confirmed by prospective studies.
Our data also support a role for genetic susceptibility in risk for both congenital and acquired cryptorchidism. While recall bias may contribute to relative underreporting of cryptorchidism in family members of unaffected participants, the reported frequency of familial cryptorchidism in the control and hernia/hydrocele groups (1-3%) is similar to the population prevalence although lower than reported previously (Jensen and others, 2010) . Although we could not independently confirm the accuracy of family history responses, our data mirror those reported in previous case-control studies (Brouwers and others, 2010; Elert and others, 2005) and removal of familial cryptorchidism variables from our regression models maintained or augmented risk estimates for feeding variables (data not shown). We did not find evidence for preferential maternal transmission as noted in some studies (Jensen and others, 2010; Schnack and others, 2008) ; ours and another case-control study (Elert and others, 2005) are likely underpowered to assess this risk.
SGA birth is correlated with cryptorchidism risk in many studies (Akre and others, 1999; Berkowitz and others, 1995; Biggs and others, 2002; Boyd and others, 2006; Brouwers and others, 2010; Damgaard and others, 2008; Hjertkvist and others, 1989; Jensen and others, 2012; Jones and others, 1998; Mayr and others, 1999; Virtanen and others, 2006 ) but prematurity was not necessarily an independent risk factor for persistent cryptorchidism (Hjertkvist and others, 1989; Jones and others, 1998) , although effects of prematurity and SGA birth may be additive (Akre and others, 1999; Jensen and others, 2012) . In the present series, SGA prevalence was similar in cryptorchid cases (3.5%) and controls (3.2%) and relatively low compared to series including only boys with persistent and/or treated cryptorchidism (11-15% incidence in cases vs. 4-10% in controls) although frequency of prematurity was similar (Berkowitz and others, 1995; Boyd and others, 2006; Brouwers and others, 2010; Jones and others, 1998) . In a very large Danish birth cohort study that excluded boys with other congenital malformations, the SGA prevalence (defined as weight <20th percentile for gestational age) was 24.9% and 19% for surgically treated cases and controls, respectively (Jensen and others, 2012) . The lower SGA prevalence in our series may relate in part to recruitment bias not present in population-based studies. Indeed, we may have selected against inclusion of SGA boys in both case and control groups by excluding those with any form of hypogonadism or with neuromuscular syndromes such as cerebral palsy that are associated with cryptorchidism (Depue, 1988) and intrauterine growth retardation (O'Callaghan and others, 2011) but were not excluded, for example, in the Jensen et al study (2012) . Accordingly, while intrauterine growth restriction increases risk for cryptorchidism, fetal growth was normal in the vast majority of boys with nonsyndromic cryptorchidism in the present series, perhaps because we limited recruitment to otherwise healthy case-control populations.
Associations of prior pregnancy loss or premature labor, parity, persistent maternal nausea/ vomiting and hypertension with congenital and/or acquired cryptorchidism or hernia/ hydrocele were less robust, not sustained in models in which race or prematurity/SGA were excluded as potential confounders and/or not consistently associated with cryptorchidism in prior studies. However, our data suggest that common risk factors for inguinal hernia and cryptorchidism (maternal subfertility and/or fetal loss) may exist; similarly, low birth weight and gestational hormone use were associated with both phenotypes in a previous study (Depue, 1984) . Few if any maternal factors such as tobacco, alcohol or analgesic use; gestational diabetes or vaginal bleeding; obesity, parity and mode of delivery are clearly or consistently correlated with persistent cryptorchidism in prior studies (Akre and others, 1999; Berkowitz and others, 1995; Boyd and others, 2006; Brouwers and others, 2010; Hjertkvist and others, 1989; Jensen and others, 2007; Jones and others, 1998; Kristensen and others, 2011; Mayr and others, 1999; Mongraw-Chaffin and others, 2008; Snijder and others, 2012; Swerdlow and others, 1983; Virtanen and others, 2006) . Lack of reproducibility in published studies likely reflects differences in methodology and/or population heterogeneity. Birth registry databases are typically large but when documenting cryptorchidism at birth without complete or sufficiently long follow-up may exclude cases of acquired cryptorchidism or inappropriately include individuals with spontaneous testis descent after birth or with nonpalpable but absent testes. In some previous studies, high scrotal testes were considered cryptorchid (Brouwers and others, 2010; Damgaard and others, 2008; Kristensen and others, 2011) , a classification that we do not adopt. Casecontrol studies may include only surgically-corrected cases of cryptorchidism, but may be underpowered or include syndromic cases. The present data suggest little overlap between potential maternal or perinatal risk factors for congenital and acquired cryptorchidism, phenotypes not modeled separately in prior studies. However, due to the retrospective phenotypic analysis, the present study may suffer from cryptorchid subgroup misclassification, maternal recall bias and/or be underpowered to detect potential associations. A prospective study design that involves expert exams and documentation beginning at birth is necessary to completely exclude phenotypic misclassification. Misclassification of control populations due to unrecognized testicular retractility or secondary ascent may also occur in either case-control or population-based studies but is less likely in the present series because of evaluation by experienced examiners. Other potential sources of bias include unmeasured risk variables and/or inaccurate data collection, although we expect documentation of feeding type to be potentially more reliable than other data. The omission of potentially strong correlates of cryptorchidism occurrence, such as genetic and feeding variables, may have contributed to undetected bias and partially account for inconsistent results in prior studies.
Reported associations between maternal exposure to environmental chemicals and human cryptorchidism do not show consistently significant trends (Virtanen and Adamsson, 2012) . While differential recall bias is a potential concern and fetal exposure levels and/or timing remain undefined, we were unable to correlate maternal exposures with occurrence of cryptorchidism. The significance, if any, of reduced maternal use of lotion and/or perfume in association with acquired cryptorchidism is unclear; but this finding fails to support a role for phthalate exposure via maternal cosmetic use in cryptorchidism susceptibility.
Conclusions
With precise ascertainment of homogeneous case and unaffected control groups and separate analyses of congenital and acquired cryptorchidism, we observed novel relationships between soy formula exposure and reduced breastfeeding with occurrence of acquired cryptorchidism. Cases of congenital cryptorchidism did not show differences in feeding choice as would be expected for a phenotype that is established prenatally. The postnatal hormonal environment, potentially influenced by feeding choice in susceptible individuals, may facilitate or hinder migration of testes to a fully dependent position. Acquired cases comprise nearly half of those needing surgery and may account for an overall increase in cryptorchidism prevalence and/or orchidopexy. Long-term, prospective studies are needed to define factors associated with acquired cryptorchidism in otherwise healthy males and provide insight that will potentially reduce the need for medical intervention and improve reproductive health.
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